ABSTRACT As one of the most important candidate technologies for the fifth-generation wireless communication systems, massive MIMO technology has been widely studied recently because of the significant improvements it can provide in terms of spectrum efficiency and power efficiency. As the foundation of wireless communication, research on propagation characteristics for massive MIMO channels is of primary importance. This paper investigates the characteristics for massive MIMO channels in an indoor hall scenario at 6-GHz. Channel measurements were conducted with a bandwidth of 200 MHz in both line of sight (LOS) and non-LOS (NLOS) conditions. The statistical parameters in the delay domain were extracted to show the spatial variation along the large-scale antenna array. Based on the measured data, the spatial variation is first defined, and then characterized by using the spatial power delay profile correlation coefficient and spatial channel gain correlation matrix collinearity, and the quasi-stationarity region along the massive MIMO array is estimated. Furthermore, by using the space-alternating generalized expectation-maximization algorithm, the multipath components are extracted and classified according to the propagation environments, which provide more insights to the spatial variation of massive MIMO channels. Finally, the characteristics of the extracted angular parameters are investigated and the fluctuations are modeled, where the spatial variation phenomenon was clearly observed over the large-scale antenna array. The quasi-stationarity distance of the variation was found to range from 2.5 to 32.5 cm, and the LOS case differs from the NLOS case at 6 GHz. These results and discussions are useful for analysis and future modeling for massive MIMO channels, and may contribute to future definitions of channel spatial consistency.
I. INTRODUCTION
Research on fifth-generation (5G) wireless communication technologies has drawn a lot of attention and has made remarkable progress in recent years [1] , [2] . These technologies aim to fulfill the increasing data demand of mobile traffic [3] , which is predicted to grow more than 1000 times in the next ten years [4] . As expected, the standardization of 5G technologies has been initialized in 2016 [5] , and system deployment should commence in 2020 [6] . Due to the limited available spectrum and power efficiency, the high growth of mobile data traffic cannot be fully accommodated [7] , especially in some defined 5G scenarios [8] . The Multiple Input and Multiple Output (MIMO) technology has been introduced to improve system spectrum efficiency by spatial multiplexing [9] , and to also improve the power efficiency with both array gain and spatial diversity [10] .
As one of the most promising technologies of 5G wireless communication, massive MIMO [11] , [12] , also known as large-scale MIMO, is currently a hot research topic and is being widely studied. In a massive MIMO system, the base stations are equipped with a large number of antennas (the number is assumed to be 10 times larger than the total number of communication streams served to the users [13] ). Because of this, significant extra gain can be achieved; additionally, more users can be served in parallel. Other benefits of massive MIMO are also summarized in [14] .
Before massive MIMO can be deployed for 5G, some key technical issues should be addressed. The propagation channel serves as a foundation for any wireless communication, and for massive MIMO channels this is even more important. As a result, there are pressing needs for massive MIMO channel measurements. In [15] , massive MIMO measurements were presented for an outdoor base station scenario at 2.6 GHz with a signal bandwidth of 50 MHz, by using a 128-element virtual linear array at the transmitter (Tx). The channel gain, the Ricean K-factor and the angular power spectrum (APS) were analyzed. Based on the same measurements, the delay spread [16] and the massive MIMO channel modeling method [17] were further investigated. These results indicate that the massive MIMO channel cannot be regarded as wide-sense stationary (WSS) over the large-scale antenna array. In [18] and [19] , massive MIMO measurements were performed in an outdoor scenario over a bandwidth of 50 MHz in the 2.6 GHz band, using a linear and a cylindrical array, both having 128 elements. An outdoor measurement campaign at 2.6 GHz with a bandwidth of 20 MHz was presented in [20] , where the Tx was equipped with a scalable virtual antenna array consisting of up to 112 elements. All these results indicated that most of the theoretical benefits of massive MIMO could be achieved in real propagation environments. Most importantly, the spatial variation phenomenon across the large-scale array can be observed, especially for the large-scale linear array at these low frequency bands.
Additional massive MIMO measurements for indoor and outdoor scenarios performed at 2590 MHz were reported in [21] . By using a scalable 64-element antenna array, the planar, horizontal, and vertical antenna geometries were compared. The results showed that further system gains may be achieved by increasing the number of antennas, in particular for the horizontal antenna geometry. In [22] , a measurement campaign involving a massive MIMO array with 64 antennas in an indoor venue at 5.8 GHz was described. By using 3 arrays having different shapes and apertures, the channel gain performance of massive MIMO was evaluated. It was found that the performance improved as the aperture increased (as expected). However, most of the existing measurements for massive MIMO focus on relatively low center frequency bands, and the channel behaviors with larger system bandwidth in a given environment have not been addressed. Moreover, in other typical 5G scenarios, such as ultra dense indoor scenarios, the channel behavior also needs to be investigated.
There exist spatial variation behaviors over the largescale antenna array for the massive MIMO channel according to these existing works. Up to now, these spatial variation behaviors have been observed by analysis of the basic parameters obtained from the measurements by using parameter extraction algorithms, such as Capon's beam former [15] , [23] , or the space-alternating generalized expectation-maximization (SAGE) algorithm [18] , [24] . A theoretical non-stationary channel model for massive MIMO channels is also proposed [25] , [26] , which indicates that there are dynamic properties of multipath components (MPCs) on the antenna array. A metric, termed the correlation matrix distance (CMD), was introduced as a useful measure to characterize non-stationary MIMO channels [27] . The CMD is widely used to characterize the time domain non-stationarity of radio channels, i.e., in vehicleto-vehicle (V2V) channels [28] , [29] . However, the spatial domain variation of massive MIMO channels over largescale antenna arrays has not yet been characterized by this metric.
As one of the candidate frequency bands for 5G system [30] , the 6 GHz band has not been well addressed in massive MIMO. Hence, in this paper, we first conduct channel measurements for massive MIMO in an indoor hall scenario at 6 GHz with a signal bandwidth of 200 MHz, with a 64-element virtual linear array using an automatic turntable at the Tx, and a 4-element virtual linear array at the receiver (Rx). With such a wide bandwidth in the measurements, the delay resolution of individual MPCs is very good-5ns, and the sensitivity to small-scale fading can be reduced [31] . Both line of sight (LOS) and non-LOS (NLOS) conditions are considered in the measurements. The statistical parameters in the delay domain are first presented to show spatial variations, and these behaviors along the large-scale antenna array are further explained. Based on the measurement results, the spatial variation over the large-scale antenna array is evaluated by using the spatial PDP correlation coefficient and the collinearity which is related to the CMD. To provide more insights to the evaluated spatial variation, these results are further analyzed according to the extracted MPCs of different propagation mechanisms. Finally, the characteristics of the channel angular parameters are investigated, and the spatial variation of these parameters is modeled. Our detailed contributions are summarized as follows.
1) We conduct channel measurements in a typical 5G scenario at 6 GHz in both LOS and NLOS conditions with a large signal bandwidth, and the power delay profiles (PDPs) and the root mean square (RMS) delay spreads (DSs) over the large-scale antenna array show the dynamic properties in the spatial domain in massive MIMO channels, i.e., we show spatial variation and statistics for specific important channel parameters in an indoor environment of interest. 2) By applying the spatial PDP correlation coefficient and collinearity to our massive MIMO channel measurement results, the variation in the spatial domain is evaluated. For the evaluated spatial variation, the quasistationarity numbers of antennas over the large-scale linear array are then estimated, and the results at 6 GHz in both LOS and NLOS conditions are compared.
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These quasi-stationarity numbers can be translated to physical quasi-stationarity distance estimates. 3) The evaluated spatial variation is further analyzed from the propagation view. By using the SAGE algorithm, parameters of MPCs are jointly extracted. These MPCs are then divided into four groups according to these propagation mechanisms, and their influences on the spatial variation in different conditions are investigated. 4) The influence of the spatial variation on the statistical angular parameters is finally investigated, and the spatial variation models of these characteristics are also proposed. The remainder of this paper is organized as follows. The massive MIMO channel measurements in the indoor hall are described in Section II. Section III presents the results of estimated quasi-stationarity regions for the spatial variation over the large-scale Tx antenna array. In Section IV the spatial variation is further analyzed based on the propagation paths. The characteristics and modeling of angular parameters are presented in Section V. Section VI concludes the paper. 
II. MASSIVE MIMO MEASUREMENTS DESCRIPTION A. MEASUREMENT SCENARIO AND SYSTEM
Because of the ultra-high connection density, the crowded auditorium is defined as one of the typical 5G scenarios [6] which has been identified as important for future 5G systems. The channel measurements were therefore performed at the Center Report Hall in Beijing Jiaotong University. The hall can accommodate over 300 people at the same time; besides, such locations are expected to require high transmission rate and high throughput. The diagram of the measurement environment is presented in Fig. 1 . Our measurement scenariothe room itself-is a typical indoor hall structure with all materials representative of current building materials. The hall is 20.5 m wide and 23 m long, with lots of seats for audience members. The surfaces of side walls are generally concrete material, and the floor and the ceiling are covered by ceramic and acoustic materials. There are several windows at the top of side walls, and two closed doors in the middle of side walls. To meet the requirement for the validity of the virtual array synthesis approach, the measurements were conducted in such a controlled indoor environment during midnight with special precaution, where there were no persons or movements during the measurements.
At the Tx, a 64-element virtual linear antenna array was constituted by moving a single omnidirectional antenna automatically with a high-accuracy turntable, as shown in Fig. 2 . Note that the minimum step length of this automatic turntable is just 0.1 mm, thus a high-accuracy of the Tx antenna array can be guaranteed. At the Rx, by manually moving the same kind of omnidirectional antenna, a 4-element virtual linear array arranged parallel to the Tx array was obtained. Therefore, the massive MIMO channel matrix is of size N Rx × N Tx = 4 × 64. The distance between the adjacent antenna elements for both Tx and Rx was half a wavelength at the center frequency. Both LOS and NLOS conditions were measured. The Tx turntable was placed on the center of a platform with a height of 0.8 m, whereas the Rx antenna height was adjusted for LOS or NLOS conditions. The Tx antenna was totally 2.5 m above the ground, and the heights of the Rx antennas were 2 m for LOS and 0.5 m for NLOS. In the NLOS condition, the Rx antenna was set below the seats. The distances between Tx array and Rx array was 15 m for both LOS and NLOS. The Rx antennas in both LOS and NLOS conditions are illustrated in Fig. 3 .
A block diagram of the measurement system is illustrated in Fig. 4 . The measurements were conducted at the central frequency of 6 GHz with a signal bandwidth of 200 MHz by using a broadband vector signal generator (R&S SMW200A) with a transmitted multi-carrier signal and a vector signal analyzer (R&S FSW). A high resolution of multipath delay can therefore be guaranteed with such a wide bandwidth. The measurement units were synchronized to the same coherent Rubidium clock at the Tx via cables, keeping the relative delay of the system highly stable. Furthermore, the measurement system was self-calibrated to remove frequency selective attenuation and phase rotation before measurements. The transmitted power was set to a constant value of 29 dBm, and totally 16 continuous cycles of transmitted signal were recorded for each sub-channel measurement. Table 1 summarizes the measurement parameters in the system.
B. CALIBRATION
A multi-carrier signal in the frequency domain was transmitted, and the number of subcarriers is 512, with the subcarrier bandwidth approximately 390 kHz. Thus, over the 200 MHz bandwidth, we measure the channel transfer function (CTF) at N f = 512 equally spaced frequency points in one snapshot. The channel impulse response (CIR) can therefore be obtained as follows [32] .
At the Rx, the received signal in the frequency domain can be obtained from the recorded baseband (IQ) data, and expressed as
where X(f ) and Y(f ) are the transmitted and received signals in the frequency domain, respectively, H(f ) is the channel transfer function (CTF), and H Tx (f ) and H Rx (f ) are the transfer functions of the equipment and the cables at Tx and Rx, respectively. In order to compensate the influence of phase and amplitude variations, The reference measurements are performed by connecting the Tx and Rx back-to-back with a cable (the length of this cable equals the total length of the cables used in the real measurements), thus the impact of the equipment and the cables can be removed. The received reference signal can be expressed as
where H ref (f ) is the reference CTF, which is the response of the high-quality cables obtained from the reference measurements. The CTF of the actual channel can therefore be obtained by
We can then get the CIR by using the inverse discrete Fourier transform of the CTF, and a Hamming window is used to suppress side lobes.
C. MEASUREMENT RESULTS
The CIR h (n, m, k τ ) between the m-th Tx and n-th Rx antenna can be obtained from our recorded IQ data, where
is the delay bin index and τ =5 ns is the delay resolution of our measurement system. The power delay profile (PDP) can thus be defined as
where |·| denotes the absolute value. Note that the obtained PDP for each sub-channel from the Rx is an average over 16 circles of the repeated snapshots of the measured PDP, thus the impacts of noise from the equipment can be reduced, and sufficient signal-to-noise ratio (SNR) is attained, which has an average value of approximately 15 dB. As we aim to evaluate the spatial variation across the Tx antenna array, an average of PDPs over the four Rx elements is calculated to obtain the average PDP (APDP) along the Tx antenna array, which can be expressed as
where N Rx = 4 is the number of Rx antenna elements. The MPCs with a power below the noise floor plus 6 dB [33] are removed. Fig. 5 shows the measured APDPs at 6 GHz across the Tx array. The RMS-DSs based on APDPs are also presented in Fig. 6 . We can see that at 6 GHz, the RMS-DS values in the NLOS case are generally larger than in the LOS case over the Tx array, which is as expected. Moreover, the variations of the RMS-DS values in the NLOS case are also larger than in the LOS case. In the LOS case, with clear and stable LOS path, the variation mainly exits in the longdelay MPCs. However, the NLOS case in such an indoor hall scenario is more like an obstructed LOS condition, and the diffraction over the seats will also be somewhat received at this frequency. Furthermore, the variation occurs in all MPCs in the NLOS condition, as shown in Fig. 5 . Therefore, one might conclude that spatial variation exists for 6 GHz VOLUME 5, 2017 in both LOS and NLOS conditions, with different extents. Estimation of these extents requires suitable metrics, applied to each condition (LOS and NLOS). Finally, the statistics of RMS-DS are summarized in Table 2 .
D. SPATIAL VARIATION OVER LARGE-SCALE ARRAY
It can be observed from the results in Section II.C that the channel can change significantly over the large-scale antenna array. Such a phenomenon in massive MIMO channels is due to the large physical size of the antenna array, which leads to the obvious changes in powers for MPCs or even birth and death of some individual MPC over this largescale antenna array. Therefore, the characteristics of such massive channels potentially experience much more spatial variations, as compared to the traditional MIMO channels. This means that not all the scatterers are visible over the whole array. Even for those scatterers that are visible over the whole array, their contributions may vary considerably, which calls as spatial variation over large-scale antenna array. In this way, the spatial variation across the Tx antenna array is defined in our measurement settings and will be investigated in this paper. Note that these key characteristics of massive MIMO channels have not been captured by conventional MIMO channel models. To precisely describe the massive MIMO channels, the spatial variation process should be applied in future channel modeling, whereas this can be safely ignored in conventional MIMO channels.
III. ESTIMATION OF QUASI-STATIONARITY REGION A. SPATIAL PDP CORRELATION COEFFICIENT
Similar to the definition in [35] , the spatial correlation coefficient between the APDPs of i-th and j-th Tx positions can be computed as
Obviously, the value c(i, j) is normalized from 0 to 1. The spatial similarity of the APDPs between different Tx positions can be quantified by this metric, which is a measure of the spatial variation over the large-scale antenna array. Fig. 7 gives the plots of the spatial PDP correlation coefficient at 6 GHz. The results in Fig. 7 show a measure of the similarity of PDPs at pairs of individual elements. The threshold of 0.9 is recommended [36] for a conservative estimation of quasi-stationarity numbers of antennas over the largescale array, for which the positions in the local stationary region of each Tx antenna take values c(i, j) > 0.9. The corresponding quasi-stationarity intervals are marked by the black curves in Fig. 7 . It can be observed that the spatial PDP correlation coefficients are much smaller (yielding smaller quasi-stationary numbers) at most positions in the NLOS case than in the LOS case. Thus, the spatial variation phenomenon appears more distinct in the NLOS than in the LOS case. However, for the NLOS condition, the spatial variation can hardly be evaluated: the quasi-stationarity numbers of antennas are very small and approximately the same for different positions based on the results of spatial PDP correlation coefficient.
B. COLLINEARITY
CMD and collinearity are other measures to evaluate the nonstationarity for MIMO channels [27] . Until now, the CMD has only been utilized to characterize the time domain non-WSS of radio channels. In order to fully consider the channel information at the Rx instead of using the average information (i.e., APDP over the four Rx elements), the metric CMD will also be applied to our massive MIMO channels to estimate the size of quasi-stationarity regions, so as to further investigate the spatial domain variation at 6 GHz.
By using the correlation matrices at the Rx, the CMD for different Tx positions can be estimated. It is noteworthy that correlation matrices at the Tx or the full channel correlation matrix will not be utilized in this case because our aim is to characterize the variation over the Tx antenna array, since the Rx array's physical size is much smaller than that of the Tx. The Rx correlation matrices for the i-th Tx position can be defined as
where B is the measurement bandwidth, f is the bandwidth resolution of the measurement system, and (·) H denotes Hermitian transpose of a matrix. The summands H (i, f ) are the N Rx × 512 CTF matrices obtained from discrete Fourier transformation of the measured Single-Input-Multiple-Output (SIMO) IR matrices h (i, k τ ),
where N τ = 512 is the number of delay bins in each sub Tx-Rx channel, and h (i, k τ ) corresponds to the N Rx × 512 SIMO IR matrices h (i, :, k τ ). Then, the CMD between the two correlation matrices R (i) and R (j) of the two arbitrary Tx positions i and j can be expressed as [27] 
where i and j denote the Tx antenna index, and tr {·} and · f are the trace and the Frobenius norm of a matrix, respectively. A smaller value of d cmd (i, j) stands for a larger value of correlation between the i-th and j-th positions. The CMD is related to collinearity (i, j) via
, hence collinearity can be interpreted analogously to a correlation coefficient, and will be used in the following analysis. According to the definition of quasi-stationarity time in time-variant channels, by analogy the spatial domain quasistationarity number (which can be translated to distance) is expressed as
where minimum and maximum bounds of the quasistationarity intervals at the Tx index i are
VOLUME 5, 2017 where N Tx = 64 is the number of Tx antenna elements, i = 1, . . . , N Tx , and c th is the selected threshold at the central frequency. Thus the quasi-stationarity number is the number of (half-wavelength-spaced) array elements between i min and i max , where collinearity (i, j) > c th , and the corresponding quasi-stationarity distance can be obtained as this number multiplied by the adjacent antenna spacing of one-half wavelength at the center frequency. First, we use the measurement data at 6 GHz in the LOS condition as an example. Choosing a suitable threshold is tricky, and the method in [28] is utilized. Fig. 8 presents the spatial domain quasi-stationarity number for all the Tx positions with three different thresholds. The results from threshold 0.95 and 0.9 are close to each other, whereas the results from threshold 0.85 are much larger than others in some ranges of array element indices. So 0.9 is chosen as the threshold; we note that this is the same value employed for the spatial PDP correlation coefficient. Fig. 9(a) shows the estimated collinearity between arbitrary positions of Tx elements at 6 GHz in the LOS condition. Comparing to the result estimated by PDP correlation coefficient in Fig. 7(a) , it can be found that the variations of the quasi-stationarity number across the large-scale antenna array are similar for most Tx positions. It is noteworthy that PDP correlation coefficient can be viewed as a wideband SISO metric, whereas collinearity requires MIMO, and is a narrowband metric. The basic agreement between the two methods is remarkable, and increases our confidence in the specification of stationarity intervals.
In Fig. 9(a) , the stationarity regions in this collinearity plot change dramatically, and the average quasi-stationarity number is just 6.66, which indicates that the spatial variation phenomenon can be clearly observed over the large-scale Tx antenna array even at 6 GHz in the LOS condition. It can also be seen that there are three ranges (Tx antenna index 15-21, 33-44 and 46-53) which have relatively larger quasistationarity numbers, and these are the regions in which all the MPCs remain almost unchanged for the multiple output channels at the Rx side. The estimated collinearity at 6 GHz in the NLOS condition is also presented in Fig. 9(b) . The average quasi-stationarity number here is 5.09, which implies that in the LOS condition, the spatial variation phenomenon over the large-scale Tx antenna array is not as severe as in the NLOS condition. This is expected because the dominant LOS component provides a ''stability'' to the CIR that is absent in the NLOS case. Also interesting is that the collinearity (in all cases) does not vary monotonically away from the diagonal; the same observation holds for the PDP correlation coefficient. This may be because in such a symmetric indoor hall scenario, the MPCs may be more similar at the two ends of Tx array than at the center of the Tx array. The CDFs of the quasistationarity numbers at 6 GHz in the two conditions are given in Fig. 10 . Table 3 also summarizes the statistics of the quasistationarity numbers and the corresponding quasi-stationarity distances in all conditions.
IV. SPATIAL VARIATION ANALYSIS BASED ON PROPAGATION PATHS
Although the spatial variation is evaluated by both the spatial PDP correlation coefficient and collinearity in Section III, the underlying explanation for the spatial variation in different conditions should be specified in terms of physical conditions or parameters. To provide more insights, the spatial variation is further investigated based on extracted MPCs by SAGE in this section.
A. SAGE ALGORITHM
The baseband CIR of the massive MIMO system can be expressed in (12) , as shown at bottom of the page, where α l , τ l , ϕ 1,l and ϕ 1,2 denote the complex amplitude, delay, azimuth AOD and azimuth AOA of the l-th MPC for carrier frequency f c , respectively. The vectors p 1 (ϕ 1,l ) and p 2 (ϕ 2,l ) are column vectors, and represent the response of the l-th propagation wave coming from the directions ϕ 1,l and ϕ 2,l for the linear arrays, respectively, which are also called steering vectors, and these can be expressed as
where W in (14) determines the size of the spatial sliding window across the Tx array used to estimate the parameters, which is chosen as 10 [18] , and d is the distance between the adjacent antennas for both Tx and Rx arrays. We use d = λ/2, and note that (14) and (15) pertain to plane wave propagation. The parameter vector
describes all the L MPCs that need to be estimated.
To estimate the parameters in , their joint likelihood function needs to be obtained for a maximum-likelihood estimate, but this is hard to derive. To solve this problem, the SAGE algorithm [37] is employed. This algorithm iteratively update the subset of parameters in , i.e., θ l = [α l , τ l , ϕ 1,l ,ϕ 2,l ], and finally obtains a joint maximum-likelihood estimate of all the parameters in . Two steps are included in this algorithm: the Expectation step (E-step) and the Maximization step (M-step). Assume the total number of iterations is K.
In the E-step of the k-th iteration, given the measured data h, the expectation of the log-likelihood of θ l , i.e., E (θ l )| h, [k] is calculated according to the procedure similar to the one given in [38] , and [k] are the estimates of in the k-th iteration. In the M-step of the k-th iteration, the estimates of τ respectively, and the parameter α
can be calculated from the estimates by considering the steering vectors p 1 (ϕ 1,l ) and p 2 (ϕ 2,l ):
The parameters τ
1,l , ϕ In each of the iteration, after estimating the l-th MPC, the corresponding measured data should be subtracted from h. The iteration continues until the estimated parameters remain unchanged, and the convergence is reached. The estimated results can be obtained from the final iteration.
B. POWER CONTRIBUTIONS
Using the SAGE algorithm, the parameters for the 80 resolvable MPCs with the strongest power were extracted. By taking the results at 6 GHz LOS as an example, the joint power azimuth-delay spectrum (PADS) of the 30-th antenna element is illustrated in Fig. 11(a) , where the power is normalized
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to the maximum power. In order to identify the underlying dominating paths, the environment in the indoor hall scenario is presented in Fig. 11(b) to compare with the extracted dominating MPCs with the SAGE. The propagation paths are thus identified in the directions of the AODs from the Tx, and the propagation lengths via these paths match the multipath delays. The measured APDPs are also used to further help in the identification process. It is concluded that the strongest MPCs are the LOS path, the reflections from the ceiling and floor, and the one-order reflections from the side walls, as marked in Fig. 11(b) . Based on these identifications, four groups of propagation paths are finally defined: i) The paths with strongest powers having the lowest delays are the LOS component (or the quasi-LOS component in the NLOS condition); ii) a large number of paths that have the similar AODs with the LOS are the components of different orders of reflections from the ceiling and floor (note that the reflections from the ceiling and floor cannot be fully distinguished because we do not have the elevation domain information); iii) the paths from the azimuth direction of approximately 40 • and 140 • with the delay range of 70 ns to 90 ns can be observed, which are the one-order reflections from two side walls; iv) finally, except for the above mentioned three groups of dominant paths, the remaining paths are labeled as low-power scatterings arrive from all azimuth directions. Note that strictly speaking, the fourth part of MPCs may also contain some high-order reflections from side walls.
For different conditions at 6 GHz band, the four groups of MPCs are identified based on the extracted results, and the power contribution from each group in total power is calculated as suggested in [39] . Fig. 12 gives the power contributions of all different groups over the large-scale antenna array. To better analyze the spatial variation of each group of MPCs, a simple normalized standard deviation factor call as the coefficient of variation in statistics is proposed as follows:
where µ k and σ k denote the mean value and the standard deviation of the total power in the k-th group over the largescale antenna index. µ k and σ k are expressed as
where l∈S k α 2 i,l is the total power of the k-th group S k . The value σ k in the k-th group for each condition is labeled in Fig. 12 . Note that a large value of σ k stands for a large fluctuation of multipath power in S k . However, considering the power contribution of each MPC group, the spatial variation for each case is not just decided by the value σ k .
In the LOS condition, we can see that the multipath channels are dominated by the first three groups at 6 GHz, and the spatial variation for the LOS path evaluated by σ 1 cannot be clearly observed, with the value of σ 1 = 0.19. One can also observe that the second and third groups of MPCs provide a lot of contributions to the total power, which should be taken into primary consideration when modeling the indoor channels in the LOS case, as expected. Moreover, the random low-power scatterings can almost be safely ignored at this frequency band. Considering the contribution of each group to the total power, the spatial variation is mainly caused by the strong reflections in the LOS condition.
In the NLOS condition, however, the contribution of the third group of MPCs accounts for less at 6 GHz, which is caused by the blockage of the seats as shown in Fig. 13 . On the other hand, a large number of MPCs reflected from the ceiling and floor should be addressed. Because of the attenuation for the first and second groups of MPCs in the NLOS condition, the random low-power scatterings account for more percentage of the total power; however, a conclusion of the spatial variation from a specific group of MPCs can hardly be drawn. Actually, the birth and death phenomenon occurs for each group of MPCs, leading to the large values of σ k , which is the primary reason for the spatial variation over the large-scale antenna array in the NLOS case. In other words, the MPCs for massive MIMO sub-channels are quite different along the large-scale antenna array.
V. SPATIAL VARIATION CHARACTERISTICS OF ANGULAR PARAMETERS
In this section, the influence of the spatial variation on the statistical channel parameters is further investigated. In our previous work [40] , the results of the characteristics on the delay domain were given. Therefore, we focus here on the angular characteristics over the large-scale antenna array.
According to different AODs, the MPCs with the same delay at the Tx side can be resolved. So the CIR h (n, m, k τ ) can be further expressed as h (n, m, k τ, ϕ 1 ), and ϕ 1 is the azimuth AOD for each MPC. For simplify, the power azimuth spectrum (PAS) of each sub-channel is calculated as
So the mean angular value of the PAS at the Tx is expressed as And the root mean square azimuth spread (RMSAS) at the Tx is defined by
which can describe the spatial dispersion in the angular domain. Fig. 14 shows the angular definition for wave propagation at the Tx. The AOD estimated in the SAGE algorithm ranges from 0 • to 180 • as defined in this figure.
It is generally found that the angular parameters vary randomly across the Tx antenna array with no clear dependencies, and modeling of the RMSAS vs. Tx antenna position is unrealistic. Thus, the CDFs of the RMSAS over the largescale antenna array at 6 GHz under different conditions are adopted, as shown in Fig. 15 . It can be observed that RMSASs in the NLOS condition are generally smaller than the values in the LOS condition at 6 GHz. This can be explained by the observation that the AOD of the diffracted path (over the seats) and the ground reflection path in the NLOS condition are similar to the AOD of the LOS path in the LOS condition, and except for these paths, few strong MPCs can be detected in the NLOS conditions because of the blockage by the seats, this can also be seen from the results in Section IV.B.
To model the fluctuations of RMSASs over the largescale antenna array, the Kolmogorov-Smirnov (KS) testing is adopted to characterize the ''goodness of fit'' between the measured data and the fitting distributions. The Gaussian distribution is finally used to fit the CDFs in different conditions as shown in Fig. 15 . We can see that the fluctuations of RMSASs can be well characterized by the Gaussian distributions, and all the fittings have passed the KS testing.
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The measured and modeling values of RMSASs are further summarized in Table 4 . From the results of modeled standard deviation, it can be observed that the fluctuations of RMSASs in the NLOS condition are larger than in the LOS condition, which agrees with the spatial variation characterized by collinearity in different conditions. Note that in [25] and [26] , different MPCs can be observable to different antenna elements in the proposed theoretical massive MIMO channel model, and the birth and death process has been applied to array axes to model the non-stationary behaviors of MPCs, which is usually not included in conventional MIMO channels. This is similar to our characterized spatial variations over the large-scale antenna array. Furthermore, our measurement results can provide insights and even certain parameter values for this proposed channel model.
VI. CONCLUSION
A massive MIMO measurement campaign for an indoor hall scenario in the 6 GHz band has been carried out. The basic statistical parameters in the delay domain were presented to show the spatial variation over the large-scale antenna array. Based on the measured data, we employed the metrics spatial PDP correlation coefficient and collinearity to characterize the spatial variation of these massive MIMO channels. The impact of LOS/NLOS conditions was considered in the characterization. It was found that the spatial variation can be equally well characterized by the metrics collinearity and PDP correlation coefficient, and the quasistationary number of antennas or quasi-stationary distance over the large-scale array varies significantly, ranging from 0.5 to 6.5 wavelengths or 2.5 cm to 32.5 cm in different (LOS vs. NLOS) conditions. Thus, different statistics of quasistationary numbers were observed in different conditions. With smaller values of quasi-stationary number in the LOS case than in the NLOS case, It can be concluded, as expected, that the spatial variation phenomenon over the large-scale linear antenna array is more distinct without the dominant direct path. Furthermore, from the identified MPCs of different propagation mechanisms, we also found that the spatial variation in the LOS case was dominated by the fluctuations of the strong reflections, whereas the birth and death of MPCs contributed more to the spatial variation in the NLOS case. Finally, the RMSAS over the large-scale antenna array were investigated, and the median values of RMSAS are 27.89 • and 22.99 • for the LOS and NLOS conditions, respectively. The spatial variation models of these angular parameters are further established, which show the similar results to the quasi-stationary regions estimated by collinearity in different conditions. The results should be useful to incorporate the spatial variation into massive MIMO channel modeling in the future. He has authored/co-authored seven books, five invention patents, and over 200 scientific research papers in his research area. He received the MaoYiSheng Scientific Award of China, the ZhanTianYou Railway Honorary Award of China, and the Top 10 Science/Technology Achievements Award from Chinese Universities.
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